The objective of the present study is to investigate the flow field for waves propagating over a submerged poro-elastic breakwater. Particle Image Velocimetry (PIV) measurements were performed in wave conditions with breakwaters made of different materials. The experimental results were compared for various rigid and impermeable, elastic and impermeable, as well as poro-elastic cases. Measurements of wave reflection and transmission induced by soft and permeable submerged breakwaters are both carried out. The results show that the oscillatory motion of elastic submerged breakwater can induce extra reflective waves and result in a larger reflection coefficient. Positive (counterclockwise) and negative (clockwise) vortices are generated due to corner separation and pressure gradients. The negative vortex obtained in a poro-elastic breakwater is generated by the surface friction at the top of the structure. Because of the permeability, it is found that the negative vortex at the upstream side of the elastic and permeable case is smaller than that of the rigid and impermeable one. In contrast, the positive vortex at the downstream side of the poro-elastic case is larger than that seen with the other two cases. It is concluded that a poro-elastic breakwater would induce different wave reflections and flow patterns from those seen with the other cases due to its particular wave and structure interactions.
INTRODUCTION
Submerged breakwaters are structures that are set up in the surf zone to dissipate part of the sea's wave energy, reducing nearshore current velocity, and depositing sediments at leeward regions. If such structures are flexible, e.g. submerged flexible mounds (Ohyama et al., 1989) or a bed of large seagrasses (Stratigaki et al., 2011) , the wave force will induce structural deformations. In addition, the subsequent movement of the structures will also affect the wave transformation and the flow field. Many researchers have examined rigid breakwaters with impermeable or permeable characteristics, and there are far fewer works that consider the interactions between waves and flexible structures. Wang and Ren (1993) proposed an analytical solution for the interaction of waves and a flexible, porous, and thin beam-like breakwater. This breakwater was conceptualized as a one-dimensional beam of uniform flexural rigidity and uniform mass per unit length, with the flow inside the porous structure obeying Darcy's law. Lan and Lee (2010) proposed an improved version of Biot's theory to evaluate highly permeable resistance, and analyzed the reflection, transmission and energy dissipation of monochromatic waves traveling over a single rectangular submerged poro-elastic structure. Based on the work of Lan and Lee (2010) , Lan et al. (2011) obtained an analytical solution for Bragg scattering by a series of poro-elastic submerged structures with finite spacing, and the results were confirmed by laboratory experiments. In addition, the effects of seagrasses on unidirectional flows have been studied both numerically (Li and Yan, 2007) and experimentally (Ghisalberti and Nepf, 2008) . For example, Prinos et al. (2010) performed large scale experiments to measure wave attenuation, transmission and energy dissipation over artificial posidonia oceanica at intermediate and shallow water depths, while Stratigaki et al. (2011) experimentally investigated the effects of seagrass densities on wave attenuation and wave-induced flow within the meadow.
In recent years, due to the development of more sophisticated measuring techniques and computing capabilities, many researchers have applied flow visualization, Laser Doppler Velocimetry (LDV) and PIV for flow field measurements. Ting and Kim (1994) used a laser Doppler anemometer to observe the vortex phenomena in water waves passing over a rectangular submerged breakwater. Petti et al. (1994) applied PIV measurement to assess the flow field around a submerged breakwater, while Chang et al. (2001 Chang et al. ( , 2005 used the same technique to measure the instantaneous flow field around a submerged rectangular obstacle with solitary and cnoidal waves. In the same study, a numerical model based on the two-dimensional Reynolds Average Navier Stokes (RANS) equations was proposed and tested with the experimental data. Lai et al. (2009) developed a motion visualization analysis system for laboratory observations based on a Charge Coupled Device (CCD) camera, and analyzed the wave characteristics and the motions of poro-elastic submerged breakwaters. Lai (2009) investigated the hydrodynamics and turbulence for waves propagating over a coarse-grained sloping beach using both experimental and numerical models, with both PIV and Digital Image Process (DIP) techniques applied in the laboratory experiment.
In this study, the PIV measurement system is employed to investigate the flow characteristics on waves propagating over a submerged poro-elastic breakwater. We analyze the measured instantaneous flow velocity around various types of structures by waves, and compare the results obtained for the vorticity field, including the traces of the vortex center and time history of maximum absolute vorticity. How the wave reflection and transmission are affected by breakwaters of various permeabilities and materials are also discussed.
EXPERIMENTAL SETUP AND CONDITIONS
The experiments for the present study were conducted in a glass-walled wave flume, which is 25m long, 0.5m wide and 0.6m high. The details of the experimental arrangement are shown in Figure 1 . The range of dashed square is the test section for observing wave and flow fields. A piston-type wavemaker is used, driven by an electromechanical hydraulic servo-system. At the end of the flume, a permeable slope with dissipative materials (tetrapod) is installed to keep the wave reflection coefficients at less than 10% of the wave height. Figure 2 shows the experimental configuration of wave propagating over a submerged breakwater. A local Cartesian coordinate system for the experiment is used, with the origin located at the intersection of the flume bottom and the upstream side of breakwater, the X-axis pointed to the right, and the Y-axis pointed upward. The water depth h is fixed at 21cm. The incident wave is specified as propagating in the -X direction, with wave height 3 cm H  . For wave reflection and transmission measurements, the wave period 0.6 2.0 s T   , with an the interval of 0.1 seconds per test. The wave height was measured by using wave gauges. The three-gauge method proposed by Mansard and Funke (1980) was employed to calculate reflection coefficients and decompose the incident and reflected waves. In the PIV measurements of the flow field around the submerged breakwaters, two wave conditions were used in the experimental study, as shown in Analyses of the wave transformation and flow field in the experiment were undertaken using data measured during the 7th to 11th incident waves, in order to ensure the wave was developed and avoid the effects of the second reflection. In addition, the fluid velocity was obtained by averaging the results obtained from 30 repeated tests under the same conditions. Three types of submerged structure are investigated in this study, and the physical properties are listed in Table 2 
ANALYSES METHOD
The PIV technique, derived from flow visualization, is a new flow measurement technology. Using images of the flow field, the PIV technique can carry out quantitative calculations of the flow velocity. Consider that images of a fluid particle are obtained at two shooting locations at time 1 t and 2 t respectively, then the velocity of this particle i V is equal to / S t   , where S  is the displacement of the particle from 1 t to 2 t and 2 1 t t t    . Based on this concept, each particle's velocity can be calculated theoretically. In order to distinguish all the particles relative to the fluid velocity in two successive images, statistical cross-correlation analysis on a pair of frames is employed in this study. The optimal particle displacement ( , ) M N will appear in the case of the maximum corss-correlation coefficient. The actual velocity of fluid particles can thus be obtained by equation (1) 
where opt M is the magnification rate between actual flow fields and images. Four fields of views (FOVs) were used to capture the particles in the flow fields. Figure 3 shows the arrangement of FOVs. Points A, B and C are the checkpoints for checking the accuracy of the fluid velocity. In the PIV experiment, the camera aperture # 5.6 f  , lens magnification 0.042 
RESULTS AND DISCUSSION
The wave reflection and transformation, flow pattern, vortex vorticities and traces, as affected by the interaction of waves and poro-elastic submerged breakwaters made of different materials is discussed. The vorticity in the experimental study is defined as / / v X u Y       , where u and v are the horizontal and vertical components of fluid velocity, respectively. Positive vorticity represents a counter-clockwise vortex, and vice versa. The definition of the wave phase is illustrated in Figure 4 . A wave period is accurately divided into ten phases by the synchronized control system, and phase a is defined as the time when the wave trough propagates over the upstream side of the submerged breakwater. (a) Wave reflection and transmission Figure 5 shows the experimental results for the wave reflection coefficient R K and transmission coefficient T K versus kh for waves propagating through the rigid impermeable, elastic impermeable and poro-elastic submerged breakwaters. It can be seen that the permeable submerged breakwater induces lower wave reflection than the impermeable ones. The wave energy dissipation that occurs with the permeable structure also decreases wave transmission. For the elastic and impermeable submerged breakwater, the wave-induced structural oscillations produce the effect of wave-making and increase wave reflection. This section discusses the flow fields around different types of submerged breakwaters. Figures 6, 7 and 8 show the fluid velocity and vorticity fields around a submerged breakwater with rigid and impermeable, elastic and impermeable and poro-elastic properties, respectively, where the solid line represents the free surface elevation, and the dashed line represents the static water level. In the vorticity diagrams, the red areas with solid lines indicate a counterclockwise vortex (positive eddy vorticity), and the blue areas with dashed lines represent a clockwise vortex (negative eddy vorticity). For the case of the rigid and impermeable breakwater, Figure 6 reveals that a clockwise vortex exists near the upstream-top side of the submerged breakwater as a wave trough arrives at the structure (phase a). In phase b, the clockwise vortex gradually develops and separates from the upstream-top side. When the wave crest propagates near the upstream side of the breakwater (phases c and d), the velocity direction of the flow field changes gradually from x  to x  , and a counterclockwise vortex appears at top right corner of the breakwater and spreads along the top surface. Meanwhile, the clockwise vortex located at the upstream side moves up. The vorticity diagram in phase e shows that the clockwise vortex moves to the top right of the breakwater and the vorticity decreases. As the wave crest arrives at the rigid and impermeable submerged breakwater (phase f), the counterclockwise vortex region extends to leeward, and the clockwise vortex is taken to the fluid region above the submerged breakwater. After the wave crest passes through the submerged breakwater (phases g and h), a counterclockwise vortex in the downstream side separates and gradually grows while the clockwise vortex is almost totally dissipated. When the next wave trough approaches the submerged breakwater (phases i and j), the flow direction gradually alters from the x  to x  direction, and the counterclockwise vortex disappears. After that, the wave motion finally returns to phase a to complete a cycle. Figure 7 illustrates the flow distribution around an elastic and impermeable submerged breakwater during a period of wave motion. It is noted that, in each phase, the relative positions of the vortexes appear similar to those seen for the rigid and impermeable structure shown in Figure 6 . However, the vortex strength is disturbed due to the structural oscillation induced from the wave action. For the case of waves propagating over a poro-elastic submerged breakwater, Figure 8 reveals that both the effects of structural elasticity and permeability induce less fluid velocity near the top of the breakwater than the previous cases. In addition, as seen in phases i and j, the structural permeability can lead the downstream-side vortex to a lower position from the top of the breakwater. Figure 10 shows the details of the horizontal velocities at the profiles located 0.02 m from the breakwater surface as shown in Figure 9 , in which the red lines indicate the top of the breakwater. We can see that the elastic effect of the submerged breakwater disturbs the flow distribution near and above the top of the breakwater. The permeability of material allows the fluid to pass through the submerged breakwater and flow downstream, and influences the horizontal velocity. Figure 4 . The vortex center is defined as the place of the maximum absolute vorticity. The results show that the trace pattern in the elastic and impermeable case is similar to the condition of the rigid and impermeable breakwater. The clockwise vortex generates near the upstream-top side of the breakwater in wave phase i, then crosses over the submerged breakwater to the downstream side and remains in the area above the breakwater. The counterclockwise vortex also generates at the upstream-top side of breakwater, and gradually moves to the downstream-top side. Due to the flexibility of the structure, the vortex center occurs at some distance from the upstream-top corner of the elastic and impermeable breakwater. As for the poroelastic submerged breakwater, its permeability causes the clockwise vortex to occur at the top of the breakwater in wave phase c, then shifting over the breakwater, move down to the downstream region, 
CONCLUSION
PIV measurements and experimental analyses were performed to examine waves propagating over a submerged porous elastic breakwater. Using the global average method to analyze the data from 30 repeated tests, the characteristics of wave reflection, transmission, flow field and vortex were investigated and discussed. Based on the results, the following findings are presented. The waveinduced oscillations from the elastic and impermeable submerged breakwater produce waves in the wave field and increase the reflection coefficient. For the poro-elastic submerged breakwater, the permeability induces less wave reflection, and the wave energy dissipation by permeable effect also decreases wave transmission. Because of the permeability, the clockwise vortex at the upstream side of the elastic and permeable structure is smaller than that of rigid and impermeable case. In contrast, the counterclockwise vortex at the leeward side for poro-elastic case gradually becomes larger than that of the other two cases. It is concluded that a poro-elastic breakwater would induce different wave reflections and flow patterns due to its particular wave and structure interactions.
